Abstract Transport processes in the fully ionized plasma with kappa-distribution and in strong magnetic field are studied. By analyzing the current density and the heat flux in the κ-distributed plasma, we derive the corresponding transport coefficients, including the electric conductivity, the thermal conductivity and thermoelectric coefficient. Besides, we derive the coefficients of Hall, Nernst and Leduc-Righi effects in the κ-distributed plasma. It is shown that these new transport coefficients depend strongly on the κ-parameter and only in the limit κ→∞, they recover the traditional forms in the plasma based on a Maxwellian distribution. We also numerically analyze the role of the κ-parameter in the κ-dependent transport coefficients.
Introduction
In the field of space plasmas, many works about the measurements of plasma velocity distribution indicate that kappa-distributions are more suitable to model the plasma than Maxwellian velocity distributions especially at high energies in various space plasmas, for example, star's corona, 1 the solar wind, 2-4 the planetary exosphere, [5] [6] [7] the planetary magnetosphere, [8] [9] [10] and also some other observations, 11, 12 etc. Therefore the kappa-distribution, as one of non-Maxwellian distributions, has already been a very interesting research topic in the related studies of astrophysical and space plasmas, such as origin of the kappa-distribution, [13] [14] [15] physical explanations of the kappa-parameter, 16, 17 connections between the kappa-distribution and the nonextensive statistics, 18, 19 ion-acoustic waves and dust-acoustic waves in plasmas, [20] [21] [22] [23] [24] [25] [26] and also some other plasma applications, [27] [28] [29] [30] etc.
The velocity kappa-distribution is usually expressed as follows, 
where is the kappa-parameter, which satisfies κ 3 / 2 κ > in order to ensure the convergence of the second order moment for the distribution, 32 v is velocity vector, m is mass of a particle, k is Boltzmann constant, T is temperature and BB κ is the normalization constant given by 3 2 ( 1 
The velocity κ-distribution (1) recovers the Maxwellian velocity distribution when the κ-parameter tends to infinity. For the parameter κ < ∞ , the distribution describes a non-equilibrium stationary state, and it measures the distance away from the equilibrium. In the previous works, the expression of κ-parameter is obtained in a very general physical situation which has magnetic field with the magnetic induction intensity B, inhomogeneous temperature T and the overall bulk velocity u of the plasma, 16, 17 ( ) 
where e is the elementary charge, ϕ c is the Coulomb potential and c is the speed of light. The above equation (3) suggests that the value of κ is related not only to the temperature gradient and Coulomb potential, but also to the magnetic field by the overall bulk velocity u. Because the mathematical expression of kappa-distribution function has some similarity to the q-distribution in nonextensive statistical mechanics (NSM), it has been known that the kappa-distributed plasmas can be studied under the framework of NSM under certain conditions. 19 Therefore some properties of the q-distributions in NSM can also be applied to investigation of the complex plasmas. 19, [33] [34] [35] Transport is one of the most important research fields of plasmas. In transport processes, there can be many macroscopic thermodynamic "fluxes" driven by the thermodynamic "forces" produced due to the space inhomogeneity of the physical quantities in nonequilibrium plasmas. For instance, the heat flux is driven by the temperature gradient and the diffusion flux is driven by the density gradient. The transport coefficients are the linear correlation coefficients between the "fluxes" and the "forces". As we know, the transport properties of plasma depend to a large extent on the velocity distribution function of particles. Recently, the transport coefficients in the kappa-distributed plasmas have been studied in some simple physical situations, such as the Lorentz plasma and the weak ionized plasma. [27] [28] [29] [30] In this work, we attempt to analyze the transport process of the fully ionized plasma with kappa-distribution and in strong magnetic field, and then derive the transport coefficients of these processes in the kappa-distributed plasma, which are different from those based on the Maxwellian distributed plasma and therefore are very important for understanding the new properties of transport processes in the complex plasmas with kappadistributions. The paper is organized as follows. In section 2, we give the basic transport equations and macroscopic laws for fully ionized plasma with a strong magnetic field. In section 3, we study the current density and the corresponding transport coefficients in the κ-distributed plasma. In section 4, we study the heat flux and the corresponding transport coefficients for electrons and ions, respectively, in the κ-distributed plasma. In section 5, we numerically show the roles of the κ-parameter in the kappa-dependent transport coefficients. Finally, in section 6 we give the conclusion. In addition, some complicated mathematical calculations in this paper are given in the Appendixes.
The transport equations and macroscopic laws
The transport equations of electrons and ions for describing the fully ionized plasma with a strong magnetic field can be expressed by 
( )
where and are the distribution functions of electrons and ions, respectively, m is electron mass, M is ion mass, and z is the charge number of the ion. , , , and are, respectively, the collision terms of electron-electron, electron-ion, ion-ion and ion-electron. Here we assume electrons and ions have the same temperature. According to Onsager relation, the macroscopic laws of the plasma in electromagnetic field can be expressed 
where E is the electric field intensity, N e is the number density of electrons, p e is the electron pressure, J is the electric current density and q is the energy flux. The subscripts and ⊥ denote parallel and perpendicular to the magnetic field B. The transport coefficients, σ, α and λ , are the electric conductivity, the thermoelectric coefficient and the thermal conductivity, respectively. The other three coefficients, R, N and L, stand for Hall, Nernst and Leduc-Righi effects, respectively. As we know, because the coefficients of the transport parallel to B are the same as those in the plasma without magnetic field, in the present paper we only consider the transverse transport coefficients, the coefficients of the transport perpendicular to B, so as to focus on the role of magnetic field in the transport coefficients. Further, in order to simplify the calculations, we assume the plasma to be in the reference frame of u=0, which is valid because the transport coefficients under consideration in the present paper do not depend on this bulk velocity. Although this treatment may lead to the appearance of some non-inertial force terms in the kinetic equation, it has no effect on our results of the transport coefficients, which means that these non-inertial force terms can be neglected. In Eq.(6), we can take E=0 because E only appear in the sum, i.e.
, and has no effect on the calculations of the transport coefficients. 
( )
In order to obtain these transport coefficients in Eqs. (8) and (9), we need to study the current density J and the heat flux q.
The electric current density and the electric conductivity
Because the ions and electrons are assumed to be the same temperature T, and M m >> , the speed of ions is much less than that of electrons and the ions can be regarded as almost static. The contribution of ions to the current density is much less than that of electrons and so can be neglected. Therefore, the current density is given by ( ) ( , , ) e e d n t
where is the velocity distribution function of electrons. It is assumed that the velocity distribution function of the plasma has a small disturbance about the κ-distribution due to the strong magnetic field, namely, 
where the number density N e of electrons and the temperature T both can depend on the position and time. Noting that J equals zero for the equilibrium κ-distribution in reference frame of static plasma, so only the disturbed term gives contributions to the integral in Eq. (10),
In order to find , usually one can expand ( ) ( , , ) 
In these equations, / ( ) Be eB mc ω = is the electronic cyclotron frequency, b ≡ B/B is a unit vector of the magnetic field, and I is the linearized collision integral. Eq. (15) and (16) , where e Ω is the Langmuir frequency of electron and ν e is the collision frequency. In fact, Eqs. (15) and (16) contain only the parts of the odd function for v in collision term can be written as two parts: the electron-ion term I ei and the electron-electron term I ee . Here we only need to consider the electron-ion term in the second-order approximation because the electron-electron collision is momentum conservation and has no contribution to the second-order approximation, i.e. . The linearized integral of the electron-ion collision term is written d
where
is the electron-ion collision frequency,
with the electron-ion scattering factor ln e L ≡ Λ . Thus in the calculation of the current density, the second order approximation can be expressed as
Taking Eqs. (14)- (19) into (13) and using the following equation,
we derive the expressions of the first-and second-order approximations of the current density, ,
(1) 
where the average is defined as 
In the derivation above, the equation of state,
Comparing the current density (20) with the macroscopic law Eq. (8), we obtain the transport coefficients as follows: the Hall coefficient,
the electric conductivity, 
the thermoelectric coefficient,
and the Nernst coefficient,
where ν ei is the electron-ion collision frequency at the thermal velocity
It is clear that these new transport coefficients depend on the κ-parameter, and when we take , they all recover their traditional forms in the scene of Maxwellian distribution.
κ → ∞
The heat flux and the thermal conductivity
The heat flux q in the plasma can be written as 
Electronic heat flux and thermal conductivity
We first calculate the flux due to the electrons q e , which is defined 36, 37 as
in the reference frame of . The first-order approximation of q 0 = u e can be calculated directly by taking Eq. (15) into Eq. (29), i.e. 
The second-order approximation of heat flux q e is that 
So it contains two parts, one is due to the electron-ion collision, , and the other ( 
Substituting the frequency ν ei (v) in (18) into (32) 
Now, using the macroscopic laws, we can calculate the thermal conductivity coming from and . Because
(1) e q (2, ) ei e q λ ⊥ is the transverse thermal conductivity without the current, , the macroscopic laws becomes 0
Substituting the thermoelectric coefficient in (26) and the coefficient of Nernst effect in (27) 
Using (30) and (33) we write the heat flux of electrons, having the first-order approximation and the second-order approximation of electron-ion collision, as 
Substituting Eqs. (37) and (38) 
On the right side of (39), the third term can be neglected because it is a third-order small quantity of 1/ Be ω . Comparing Eq. (39) 
Let us continue to calculate the second-order approximation of heat flux q e due to the electron-electron collision, i.e. 
The linearized collision integral ee I is given by Landau collision term, e L n n n n w n n n n n m w
where U is a unit tensor, 
with the abbreviation, 
and the H function defined by ( ) 
and correspondingly, the thermal conductivity of this part of the heat flux is given by 
Combining (40) with (50), the total thermal conductivity of electrons is obtained, 
Ionic heat flux and thermal conductivity
In the same way, the ionic heat flux and thermal conductivity can be calculated assuming that the ionic cyclotron frequency Bi ω satisfies i
is the Langmuir frequency of electron and ν i is the collision frequency. 36, 37 Following the line in the textbooks, 36 , 37 the first-order approximation of the ion distribution function can be given as
where is the equilibrium distribution of ions, p 
For the second-order approximation, because the ion-electron collision hardly changes the kinetic energy of ions, we can only calculate the contribution coming from ion-ion collision, neglecting the contribution coming from ion-electron collision. The calculations are the same as those for electrons in (50). Directly, by replacing the quantities for electron with the quantities for ions in the expression (50), we find that 
Finally, the total thermal conductivity of electrons and ions is the sum of (51) 
with
It is clear that the new thermal conductivity in the κ-distributed plasma with strong magnetic field depends strongly on the κ-parameter and when we take the limit κ → ∞, recovers the traditional expressions in the plasma with a Maxwell distribution.
Numerical calculations and discussions
In the sections 3 and 4, it has been shown that all the transport coefficients derived for the κ-distributed plasma with strong magnetic field can be written as a κ-dependent factor to time the traditional forms of the coefficients in the plasma with a Maxwellian distribution. In order to illustrating the properties of these new transport coefficients, numerically we give the figures of the κ-dependent factor in the electric conductivity, the thermoelectric coefficient and the thermal conductivity, shown in Figs. (1)- (3) respectively.
For the electric conductivity in (25), the κ-dependent factor is κ → . This is because when the parameter , the plasma system approaches to the so called "q-frozen state" in which the particles are almost static, 3/2 κ → 32, 19 just like a system is close to the absolute zero. The current is not generated when any electric field is applied.
Thermoelectric coefficient (26) is depends on the factor 2 g κ , so the behavior is much similar to the κ-dependent electric conductivity. The factor 2 g κ varies from infinity to 1 in the range . As shown in Fig.(2) , the thermoelectric ( 3 / 2 , ) κ ∈ ∞ conductivity increases significantly as the κ-parameter decreases in the range close to . The physical explanation is still that when the plasma approaches to the "q-frozen state", no temperature gradient can exist, because the particles become motionless even if the electric field is applied. So in this situation the thermoelectric coefficient tends to infinity and the thermoelectric effect vanishes. In the thermal conductivity in (60), we see that C κ is the κ-dependent factor for the contribution coming from the collision between the same specific particles, while D κ is the κ-dependent factor for the contribution coming from the collision between the different specific particles. The property of C κ and D κ has been shown numerically in Figs. 3(a) and (b) .
12
In Fig.(3a) , the factor C κ decreases at first, and then increases and finally tends to 1 as the increase of the κ-parameter in the range of
It is shown that in the range of about κ <10, C κ is negative, which suggests that in that range, the gradient of temperature will generate a reverse heat flux. In Fig.(3b) , we show that as increase of the κ-parameter, the factor D κ decreases from infinity to 
Conclusions
Transport processes are one of the most important research fields in the plasma physics and transport coefficients are key physical quantities to describe the transport processes. In this work, by using the Boltzmann equation of transport we have investigated the electric current density and the heat flux in the fully ionized and magnetized plasma with the κ-distributions. The corresponding transport coefficients are studied, mainly including the electric conductivity, the thermal conductivity and the thermoelectric coefficient. These transport coefficients for the parts perpendicular to the magnetic field are derived in the κ-distributed plasma, such as the electric We show that all the transport coefficients depend strongly on the κ-parameter in the κ-distributed plasma by the κ-dependent factors, such as g κ in (25)- (27) , C κ and D κ in (60) etc, showing the new properties different from the transport coefficients based on the traditional statistics with a Maxwellian distribution. When we take the limit for the parameter κ →∞, all these coefficients recover those given in the plasma with a Maxwellian distribution.
In the Figs.(1)-(3) , we have given the numerical analyses of the κ-dependent factors, g κ , C κ and D κ , clearly showing their properties which depend on the κ-parameter, so as to understand these transport processes in the κ-distributed nonequilibrium plasma when it deviates from the thermal equilibrium state.
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Appendix A: The equivalence of the two expansions
In Refs. 38-40, the distribution of ions was derived in the first-and second-order gyroradius expansions, and the distribution of electrons was obtained by replacing the physical parameters for ions by those for electrons. These expansions derived by the drift-kinetic equation are general and complete. Here we take the distribution of electrons as an example to show that, in our calculations, these expansions are equivalent to Eq.(15) and (16) in this paper.
According to the Refs [38] [39] [40] , the first two order expansions of the electron disturbance function can be given with respect to 1/B as a sum of the three parts, replacing the physical quantities for ions by those for electrons 
: (A.12)
Therefore, the gyroradius expansions
give the same results as the expressions we used 
where n is a positive integer and
is required to ensure the convergence of the integral. 
